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Abstract—This paper obtains shape related parameters and
functions of a Power Module ferrite core which can be required
in a design-oriented inductor model, which is a fundamental
tool to design any electronic power converter and its control
policy. Some particular modifications have been introduced into
the standardized method of obtaining characteristics core areas
and lengths. Also, a novel approach is taken to obtain the air
gap reluctance as a function of air gap length for that specific
core shape.
Index Terms—power module ferrite core, ungapped core
model, air gap reluctance model, air gap length computation,
coil former
I. INTRODUCTION
FErrite-core based inductors are commonly found in theLC output filter of voltage source inverters (VSI), as
energy storage devices in DC/DC converters and as line-input
filters in PFC converters, among many other power conversion
applications. Due to the ferrite material properties, those
inductors have to deal with relatively high-frequency currents,
sometimes being superimposed on relatively large-amplitude
low-frequency currents. It is of paramount importance to
design these inductors in a way that a minimum inductance
value is always ensured which allows the accurate control and
the safe operation of the electronic power converter. In order
to efficiently design that kind of inductor, a method to find the
required minimum number of turns Nmin and the optimum air
gap length gopt to obtain a specified inductance at a certain
current level is needed. This method has to be based upon
an accurate inductor model which needs to be parametrized,
among other things, according to the specific core shape, size
and the air gap arrangement to be employed.
A detailed inductor model requires the determination of
core cross-sectional area vector Ac and core length vector
Lc, to describe how an ungapped core is divided aiming
at a better modelling of the core reluctance Rc and how
the ferrite permeability dependence with magnetic induction
and temperature impact on that reluctance. Furthermore, the
necessary air gap length g to be manufactured has to be
obtained as a function of the required air gap reluctance Rgg ,
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Fig. 1. Typical PM ferrite core
denoted as g(Rgg). This mandates to firstly develop the inverse
model of reluctance as a function of air gap length, Rgg(g),
which requires the input of many mechanical dimensions of
the ferrite core. Finally, some dimensions associated with the
coil former, employed in combination with the core model,
are used to determine the winding utilization factor ku and
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Fig. 2. Cross-sectional areas (Acz) corresponding to the zones in which the PM core is divided
the coil DC-resistance RDC .
In this paper, all those core-specific parameters and func-
tions are obtained for a particular shape of ferrite core: the
Power Module (PM). A dimensional drawing of a PM core
extracted from a typical datasheet is shown in Figure 1.
Although the core depicted has only one air gap placed in
the central leg where the two core halves are faced (here
referred to as qg = 1), two more gaps similarly located but
on each of the external legs can be introduced if a spacer is
placed between two equal ungapped ferrite pieces (qg = 2).
This paper is organized as follows. In section II, vectors
Ac and Lc for an ungapped core are obtained. An accurate
functionRgg(g) is obtained in section III. A simple method to
obtain g(Rgg) is presented in section IV. Section V determines
the winding height wh, winding width ww and average turn
length lt based on the dimensions of the coil former. Finally,
conclusions are presented in section VI.
II. UNGAPPED CORE REGIONS
A comprehensive inductor model should divide the fer-
rite core into a number of Z parts, where Ac =
[Ac1 ... Acz ... AcZ ] and Lc = [lc1 ... lcz ... lcZ ]. The PM
core is then sectorized in Z = 10 regions in full compliance
with [1] and so z = 1 ... 10. The location of the magnetic path
Lc, cross-sectional areas Acz and core lengths lcz , which are
shown in Figure 2 and Figure 3, are also determined according
to [1], with the exceptions that are detailed next. All the needed
dimensions to apply [1] come from Figure 1 supposing an
ungapped core, i.e. g = 0, using the average values detailed
in the corresponding core datasheet, like for example [3].
We have observed in several numeric examples that Ac3 =
Ac8 calculated following [1] yield smaller values than the
correspondingly obtained for Ac1. This seems to be in contra-
diction with [2] which states that the minimum cross-sectional
area (Amin) should coincide with Ac1 in all PM cores models.
Alternatively, we save that difference by assuming lc3 and lc8
Fig. 3. Magnetic path length divisions (lcz) corresponding to the zones in
which the PM core is divided
to be the distance between the central and the external legs
while Ac3 and Ac8 are adjusted in such a way that
lc3
Ac3
=
lc8
Ac8
=
∫
l
dl
Ac(l)
where l radially traverses regions z = 3 or z = 8. The integral
factor defining Ac3 and Ac8 has to be numerically solved. The
values of Ac3 = Ac8 in this way obtained now comply with
[2]. Other slight divergence exists in the calculation of lc4 and
lc9. This takes into account the alteration on the magnetic path
situation along the external legs due to the notches in Ac5 and
Ac10 introducing the correction factor sx, which is neglected
in [1].
The equations for each lcz and Acz are
• lc1 = lc6 =
h1
2
• lc2 = lc7 =
pi
16 (h2 − h1 + 2 sy)
• lc3 = lc8 =
d2−d1
2
• lc4 = lc9 =
pi
16 (h2 − h1 + 2 sx)
• lc5 = lc10 =
h1
2
• Ac1 = Ac6 =
pi
4 (d
2
1 − d2h1)
• Ac2 = Ac7 =
pi
4
[
d21−d
2
h1
2 + d1(h2 − h1)
]
• Ac3 = Ac8 =
(h2−h1)(d2−d1)
2
∫ d2
2
d1
2
dr
rγ(r)
• Ac4 = Ac9 = (d
2
3−d22)
pi
2 −α
4 −pi4 dh2rh2+
pi
2 −α
2 d2(h2−h1)
• Ac5 = Ac10 = (d
2
3 − d22)
pi
2 −α
2 − pi2 dh2rh2
where the correction factors are
sy = d1 −
√
d21 + d
2
h1
2
sx =
√
d23 + d
2
2
2
− 2pipi
2 − α
dh2rh2 − d2
and the required angular variables are
α = arcsin
(
h3
d2
)
ϕ = arctan
(
h3
d2cos(α) − d1
)
γ(r) = pi − 2 arcsin


sin(pi − ϕ)
r

d12 cos(pi − ϕ)
+
√
r2 − d1
2
4
[1− cos2(pi − ϕ)]




Note that regions located at same relative places in their
respective core pieces, actually have same Acz and lcz. In fact,
[1] considers the core divided into only five zones, grouping
the pairs with same Acz into a single area with double length,
to calculate core effective area Ae and effective length le.
However, taking Z = 10 does not add an extra calculation
effort and allows to consider a different core temperature in
each section with equal cross-sectional area, by using a core
temperature vector Tc = [Tc1 ... Tcz ... TcZ ].
III. AIR GAP RELUCTANCE Rgg
In a gapped PM core having qg = 2, Rgg is composed by
the air gap reluctance placed on the central leg, Rggc plus
Fig. 4. Half external gap in PM core. ForR
′
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the combined air gap reluctances located in the external legs,
Rgge. Assuming an equal distribution of the magnetic flux in
both external legs
Rgg = Rggc +Rgge (1)
If qg = 1, then Rgge = 0.
A. External reluctance Rgge
The fundamental idea used to determine Rgge, shown in
Figure 4a, is to transform each half of the curved surfaces Ac5
and Ac10 into rectangular ones having the same cross-sectional
area. The 3D reluctance of this equivalent air gap can now be
determined using the approach of [4]. The calculation starts
considering a basic air gap disposition where the 2D reluctance
per unit of length is known. This basic 2D reluctance is
referred to as R′basic ,
R′basic =
1
µo
[
w
2l +
2
pi
(
1 + ln pih4l
)]
and is depicted in Figure 5. R′basic considers the fringing
effects in the magnetic flux near the air gap in the x-z plane
but it assumes an infinite length in the y dimension, i.e.
there is no fringing effects in this direction. For the core
dimensions shown in Figure 4b (x-z plane), the actual air gap
is decomposed into a parallel/series structure comprised of
basic gap dispositions each having a reluctance R′bxe to obtain
the 2D reluctance per unit of length, considering no fringing
effects towards the center of the core, i.e. in the y dimension.
This total reluctance obtained is referred to as R′xe. Next, the
Fig. 5. R
′
basic
fringing factor σxe is obtained as the relationship betweenR′xe
and the 2D reluctance per unit of length neglecting the fringing
effects. Accordingly, considering the fringing effects in the x-
direction, the basic 2D reluctance per-unit-of-lengthR′bxe, the
total 2D reluctance per-unit-of-length in the x-z plane R′xe and
the fringing factor σxe would be
R′bxe =
1
µo
[
(pi−2α)(d2+d3)
4g +
2
pi
(
1 + ln pih24g
)]
R′xe =
2R′bxe
2
= R′bxe
σxe =
R′xe
4g
µo(pi−2α)(d2+d3)
For the y-direction, the y-z plane shown in Figure 4c is
considered, noting that now there is no fringing flux in the
x-dimension. Here there are two basic reluctances R′byee and
R′byie since the distance from the gap to the next corner of
the core in the external side is different from the internal side
of the core. Moreover, due to the small notch of radio rh2
on the outer side of the core, the air gap has no uniform
width. In this situation, the gap width w(x), the inner and outer
basic reluctances per unit of length, R′byie(x) and R
′
byee(x)
respectively, are used to find the fringing factor σye(x) all
along the gap length. Accordingly,
R′byee(x) =
1
µo
[
w(x)
g
+ 2
pi
(
1 + ln pih24g
)]
R′byie(x) =
1
µo
[
w(x)
g
+ 2
pi
(
1 + ln pih14g
)]
where
w(x) =


d3−d2
2 if a > |x| > b
d3−d2
2 − rh2
√
1− 4
(
x
dh2
)2
if b ≥ |x|


a =
(pi − 2α)(d2 + d3)
8
b =
dh2
2
Fig. 6. Central gap in PM core. For R
′
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2
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2
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2
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2
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2
− e.
To obtain σye(x), the same reasoning used before for the
x-z plane is now applied to the y-z plane, leading to
R′ye(x) = 2R
′
byee(x)//2R
′
byie(x) =
2R′byie(x)R
′
byee(x)
R′byie(x) +R
′
byee(x)
σye(x) =
R′ye(x)
g
µow(x)
To take into account the overall effect of the non homogeneous
gap width, an average fringing factor σy is obtained as
σye =
4
(pi − 2α)(d2 + d3)
∫ (pi−2α)(d2+d3)
8
−
(pi−2α)(d2+d3)
8
σye(x)dx
After some manipulation and finally applying symbolic inte-
gration tools, σye turns to be
σye =
a
a+ c
+
8
(pi − 2α)(d3 + d2)


dh2
2
(
1− a
a+ c
)
+
c
2 rh2
dh2
{
pi
2
− a+ c√
(a+ c)2 − rh22
[
pi
2
+ arctan
(
rh2√
(a+ c)2 − rh22
)]}

a =
d3 − d2
2
c =
2g
pi
(
1 + ln
pi
√
h1h2
4g
)
The reluctance of an air gap lacking of fringing flux is given
by
Rggo = g
µoAcg
where Acg = Ac5 is the core area in contact with the
gap. The fringing factors σxe and σye take into account the
fringing fluxes by introducing the effective air gap area Agee
that virtually increases Acg in both x and y directions, thus
reducing the reluctance. Consequently, the actual Rgge can be
calculated as
Rgge = σxeσyeRggo = g
µoAgee
(2)
Agee =
Ac5
σxeσye
B. Central reluctance Rggc
The center gap reluctance Rggc is obtained by considering
the rounded central leg with its centered hole as an unfolded
annulus as shown in Figure 6a, transforming Ac1 and Ac6
into equivalent rectangular surfaces. In the x-z plane shown in
Figure 6b, it is assumed that no fringing flux exists in the x-
direction since there is an endless closed ring. On the contrary,
in the y-z plane shown in Figure 6c, there is one side in contact
with the windings and the other side in contact with the small
central hole. Note that the actual fringing flux in this side will
be more constrained to flow than the existing over the opposite
side. Thus in this case, the formulae used before cannot be
applied in a straightforward way. As a workaround, we propose
the use of a basic 2D reluctance per-unit-of-length that is a
geometric average (R′byec) between two extremes. On the one
hand, the case with no central hole and thus no fringing flux
(R′byenf ) and in the other hand, the case where the hole radius
is large enough to impose no restrictions over the fringing flux
to circulate (R′byef ), like at the other side of the central leg.
Consequently, in the x-direction
σxc = 1
and in the y-direction we get
R′byef (e) =
1
µo
[
d1−dh1
2g +
2
pi
(
1 + ln
pi(h22 −e)
2g
)]
R′byenf =
2g
µo(d1 − dh1)
R′byec(e) =
√
R′byef (e)R′byenf (3)
R′byic(e) =
1
µo
[
d1−dh1
2g +
2
pi
(
1 + ln
pi(h12 −e)
2g
)]
R′byc(e) =
R′byec(e)R
′
byic(e)
R′byec(e) +R′byic(e)
R′yc =
{
R′byc(e = g) +R
′
byc(e = 0) if qg = 1
2R′byc(e = 0) if qg = 2
}
σyc =
R′yc
2g
µ0(d1−dh1)
(4)
Fig. 7. Typical coil former for a PM core
Being now Acg = Ac1, the actual Rggc turns to be
Rggc = σxcσycRggo = g
µoAgec
(5)
Agec =
Ac1
σxcσyc
IV. AIR GAP LENGTH g
According to (1), to obtain g as a function of Rgg , the
implicit equation
Rgg =
{ Rggc(g) if qg = 1
Rggc(g) +Rgge(g) if qg = 2
}
(6)
has to be numerically solved. As it is shown in [4], Rgg =
0⇔ g = 0 and Rgg(g) is ever increasing with g. This makes
easy to invert Rgg(g) by finding the solution of (6) within
the closed interval [g∗min, g
∗
max] defined next, employing a
simple root-solver like Matlab’s fzero function. An adequate
minimum value for g, g∗min is
g∗min =
µ0AcgN
2
Li
Acg =
{
Ac1 if qg = 1
Ac1Ac5
Ac1+Ac5
if qg = 2
}
which corresponds to the ideal case of no existing fringing flux
and initial permeability µi → ∞; Li is the initial inductance
and N is the number of winding turns of the current inductor
being designed. If qg = 2, the maximum value for g, g
∗
max
should be selected as 3g∗min ≤ g∗max ≤ 10g∗min in most design
cases, though there is not a definite limit because the spacers
can be made as thick as desired. However, if qg = 1 then we
are limited to g∗max =
h1
2 which is the central leg height of
one core piece. In this case, if the required g were greater than
g∗max, then qg = 2 or a larger core should be initially chosen.
Fig. 8. Alternative dispositions of the winding inside the coil former
V. WINDING HEIGHT, WINDING WIDTH AND AVERAGE
TURN LENGTH
The drawing of a typical coil former for PM cores is
shown in Figure 7. The minimum winding width ww and the
maximum winding height hw are
ww = h1cf − 2h2cf
hw =
d2cf − d1cf
2
The winding is arranged inside the coil former according to
one of the alternatives depicted in Figure 8. The average length
of a winding turn lt as a function of the winding thickness tw
is then
lt (tw) = pi
(
d1cf + 2 dwb + tw
)
(7)
where the distance between the winding and the bobbin dwb
is
dwb =


0 inward alignment (cf. Figure 8.a)
hw−tw
2 centered alignment (cf. Figure 8.b)
hw − tw outward alignment (cf. Figure 8.c)


VI. CONCLUSION
This paper thoroughly develops the required core-specific
parameters and functions exclusively related to the shape of
Power Module (PM) cores, which are needed by a comprehen-
sive design-oriented inductor model. This is a fundamental tool
to properly design and control any type of electronic power
converter. The same procedures followed in this paper can be
easily adapted to obtain the required data for other shapes
of ferrite cores. Further work will be devoted in developing
the exact expression of (3), the external part of the central
gap basic reluctance in the y-z plane R′byec, by extending the
reasoning of [4] to this particular structure.
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